We demonstrate double quantum dots fabricated in undoped Si/SiGe heterostructures relying on a double top-gated design. Charge sensing shows that we can reliably deplete these devices to zero charge occupancy. Measurements and simulations confirm that the energetics are determined by the gate-induced electrostatic potentials. Pauli spin blockade has been observed via transport through the double dot in the two electron configuration, a critical step in performing coherent spin manipulations in Si.
We demonstrate double quantum dots fabricated in undoped Si/SiGe heterostructures relying on a double top-gated design. Charge sensing shows that we can reliably deplete these devices to zero charge occupancy. Measurements and simulations confirm that the energetics are determined by the gate-induced electrostatic potentials. Pauli spin blockade has been observed via transport through the double dot in the two electron configuration, a critical step in performing coherent spin manipulations in Si.
Quantum dots in silicon are currently the focus of many research efforts due to their potential use for semiconductor-based quantum information processing.
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Measurements of several important properties of Si quantum dots have been recently reported such as spin relaxation, 2-5 valley splitting, [6] [7] [8] and spin blockade.
9-11
However, existing Si quantum dot designs, based on Si-MOS technology or strained Si/SiGe modulation doped heterostructures, continue to be plagued by the presence of interface charge and ionized dopants. The large effective electron mass in Si, 0.19 m e , nearly three times that in GaAs, serves to increase the relative influence of the charge induced disorder potential, requiring the fabrication of exceedingly small devices. An attractive approach is to isolate electrons from these sources of disorder by using an undoped Si/SiGe heterostructure together with a global accumulation gate. 12 Devices fabricated on such structures have recently demonstrated high electron mobilities 13 and Coulomb blockade.
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In this letter we report low temperature measurements of three double quantum dot devices, fabricated on separate nominally undoped Si/SiGe heterostructure wafers.
Measurements for each device demonstrate that the (0, 0) charge configuration is achieved. Pauli spin blockade has been observed in one of these devices at the (1, 1) ↔ (0, 2) charge transition.
The device design is based on a double top-gated structure, similar to previous work, 4 in which a global field gate is used to accumulate a two-dimensional electron gas (2DEG) in the Si well, and a set of localized depletion gates create a confining potential in which to form the quantum dots. The epitaxial structure, Fig. 1(a) , is grown by either chemical vapor deposition or molecular beam epitaxy on strain-relaxed Si 1−x Ge x (x = 0.33 ± 0.02) buffers. The field gate is isolated from the depletion gates via atomic layer deposition of dielectrics. Figure 1 defines a quantum point contact (QPC) which is capacitively coupled to the dots and is able to sense the charge occupation of the device. Confirmation that a 2DEG is formed in the 10 nm Si well, and not at the Si-dielectric interface, was achieved via low-field Hall measurements (B < 0.5 T) at 4.2 K using standard lock-in measurement techniques. sured mobility, µ, vs. n 2DEG , where µ ∼ 30, 000 cm 2 /V-s for n 2DEG = 5 × 10 11 cm −2 . The peak mobilities appear to be limited by ∼ 10 16 cm −3 residual uniform background charge in our heterostructure consistent with theoretical mobility estimates 15 and a high saturation value of the Hall-inferred electron concentration, n max = 6 − 8 × 10 11 cm −2 . Beyond n max , electrons accumulate at the Si-dielectric interface.
Transport measurements were performed on three double quantum dot devices, each cooled down in a dilution refrigerator to a base temperature of 20 mK. The field gate is biased such that devices are operated with n 2DEG = 4 − 6 × 10 11 cm −2 , a bias range that provides additional control over the tunnel barriers into the quantum dot. The depletion gates, T, L, PL, M, PR, R, are reverse biased in order to define a double dot. Tuning the device to zero charge occupancy is more easily achieved by measuring changes in the transconductance of the QPC corresponding to charge transitions in the double dot. Figure 2 shows AC differential transconductance measurements 16 for all three devices plotted as a function of two depletion gate voltages. All exhibit the ability to achieve the (0, 0) charge configuration, that is zero charge occupancy in both left and right dots.
17
Both the (0, 0) ↔ (0, 1) and (0, 0) ↔ (1, 0) transition for each device show no indication of additional potential shifts associated with electron loading of the adjacent dot, for upwards of 4 addition energies. Table I shows that all three devices have similar first addition energies ∆µ 1 = 6 − 8 meV for both left and right dots along with similar gate lever arms, α, for both L and R (PL and PR for device A). This consistency among the three devices, as well as among the individual dots within each double dot, strongly indicates that these dots are defined by the electrostatic potential created by the depletion gates and not by random disorder. The energetics of these devices is confirmed by realspace simulations using a hybrid Poisson-Schrödinger / full configuration interaction scheme. The total selfconsistent charge density is partitioned into two regions, allowing us to solve the exact many-electron Hamiltonian for the few electron quantum dot system, while treating the bath regions semi-classically. Figure 3(a) shows a simulation based on the nominal device design that includes 3 × 10 11 cm −2 of fixed discrete charge, randomly distributed at the Si-dielectric interface, and n 2DEG = 4×10 11 cm −2 . The addition energies and α values for each of the two dots in this simulation are given in the last row of Table I , showing consistency with the measured data. Figure 3(b) shows a simulation of a similar device in which the source of the disorder potential is moved to within 10 nm of the electron layer, comparable to that typical of modulation doped Si/SiGe heterostructures. The increased influence of disorder both disturbs the quantum dot states and demonstrates the likelihood of disorder dot formation. The detection of spin blockade requires a singlet-triplet energy splitting, ∆E S-T , of the (0, 2) or (2, 0) state that is significantly larger than kT . Low-lying N = 2 triplets in Si can be formed from either orbital excited states (for highly elongated configurations) or valley excited states. Magnetospectroscopy was performed on each of the dots within each device in order to infer ∆E S-T , 6 the results of which are given in Table I . Two of the three devices, B and C, display the required energetics to enable a spin blockade measurement.
The gate design provides the ability to tune the tunnel barriers with minimal effect on the confining gate potentials, allowing us to observe transport in bias triangles 18 down to the (0, 2) charge configuration, similar to what has been previously achieved in GaAs. 19 The asymmetric charge sensor design limited our ability to observe transport at the (2, 0) ↔ (1, 1) charge transitions, preventing us from attempting a blockade measurement at that transition in device B. Figure 4 presents transport data for both forward and reverse DC biases at the (1, 1) ↔ (0, 2) charge transition for devices B and C. From the magnitudes of the measured currents, we infer that the limiting tunnel times are < 100 ns (Dev. B) and < 10 ns (Dev. C). Figures 4(a) and 4(b) show bias triangles for device B where blockade is not seen, as expected due to the small ∆E S-T of its (0, 2) charge configuration; similarly no blockade was observed in device A. The signature of Pauli spin blockade in device C can clearly be seen by comparing the size of the transport region in the bias triangles in Figs. 4(c) and 4(d) with ±0.5 mV applied across the dots. The size of the blockade region in the reverse bias configuration implies the presence of an excited (0, 2) triplet with a splitting of 0.14 ± 0.01 meV from the ground state, consistent with the magnetospectroscopymeasured ∆E S-T = 0.13 ± 0.01 meV for this device.
In summary we have fabricated and measured double quantum dots that are easily tuned to the last electron. Isolating the electron system from sources of charged im- purities, such as those at an oxide interface or a doping layer, has resulted in devices with greatly improved stability and reproducible performance. Pauli spin blockade at the (1, 1) ↔ (0, 2) charge transition has been observed with < 10 ns tunneling times to the electron baths, enabling the future demonstration of coherent control of the two-electron spin system in Si.
